The electrical resistance and magnetoresistance of Fe 70 Ni 30 Invar alloy have been measured at high pressure up to 15 GPa. It is found that the coefficients of T 2 term in the electrical resistance increases with increasing pressure but tends to saturate above 12 GPa suggesting a peak above 15 GPa, which implies a pressure-induced quantum phase transition. We found for the first time that the magnetoresistance at 4.2 K is negative below 11 GPa but becomes positive above 12 GPa. This corresponds to a crossover in the electronic state from localized moment regime to a paramagnetic or new magnetic state. The origins will be discussed briefly in connection with the recent experimental results and theoretical calculation.
Introduction
It is well known that one of the characteristics of Invar alloys is the extremely large negative pressure effect on the Curie temperature T C (Oomi & Mori, 1981b) . This means that the ferromagnetism of Invar alloy is unstable under the effect of external forces and disappears at moderate high pressure. The ferromagnetism in Fe 70 Ni 30 alloy has been reported to disappear above 6 GPa and antiferromagnetic (AFM) state may be stabilized (Rhiger & Ingalls, 1972; Abd-Elmeguid, Schleede, & Micklitz, 1988) . Matsushita et al. revealed from the measurement of magnetic susceptibility up to 8 GPa that the ferromagnetism of Fe-Ni Invar alloy disappears around 7 GPa and the ferromagnetic (FM) state coexists with AFM state resulting in a spin glass state at high pressure (Matsushita, Endo, Miura, & Ono, 2003) .
In the present work, we have investigated the stability of FM state in Fe 70 Ni 30 Invar alloy under high pressure by measuring the electrical resistance R(T) and magnetoresistance (MR) at high pressure up to 15 GPa. The temperature dependence of R(T) at high pressure is analyzed precisely and the effect of spin fluctuation (SF) will be discussed briefly. Further we will show that the MR of this alloy changes the sign from negative to positive as pressure increases. The result suggests a pressureinduced crossover in the electronic state and is considered on the basis of quantum phase transition (QPT).
Experimental methods
The alloy Fe 70 Ni 30 was prepared by arc melting of pure Fe and Ni. The ingot was homogenized for 2 weeks at 1100 C in a vacuum and quenched rapidly into water. A small parallelepiped sample was cut from this ingot by spark cutter and was annealed at 1100 C for 10 hours to remove internal stress. Pressure was generated by using Bridgeman opposed type anvils having a face of 3 mm in diameter. Pressure was calibrated using the phase transition of Bi and Fe. The electrical resistance was measured by using standard four probe method. The pressure was kept constant by controlling the load of hydraulic press. The details of present high pressure system was reported previously (Honda, et al., 2002) .
3 Results and discussion 3.1 Effect of pressure on the temperature dependent electrical resistance R(T) of Fe 70 Ni 30 alloy Figure 1 shows the electrical resistance R(mΩ) as a function of temperature at high pressure in the range, 4.4<P<15 GPa. The R(T) shows a smooth change in the temperature range 4.2 < T < 300 K. The shapes of R(T) curves at high pressure are almost similar but R(T) below 50 K seems to be different slightly depending on pressure. We analyzed these data by assuming the following equation, 
R(T)
(1) , where R 0 is residual resistance, A and B are the constants. The 2nd term in eq.(1) corresponds to the electron-electron scattering mainly due to SF and the 3 rd to the phonon contribution. The normalized values A/A 4.5GPa (=a) are shown in Figure 2 as a function of pressure, where A 4.5GPa is the value of A at 4.5GPa. Because of the martensitic transformation which may disappear above 2 GPa at 4.2 K (Saito, Oomi, Uwatoko, & Hedo, 2005) , we collected the R(T) data in the present work only above 4.5 GPa. We reported that the A increases but the B decreases with increasing pressure and above 8 GPa the T 2 term is the main contribution to the R(T) compared with the phonon T 5 term, which may be negligible above 7 GPa (Saito, Oomi, Uwatoko, & Hedo, 2005) .
The value of a is found to be enhanced strongly above 8 GPa by about an order of magnitude. The large enhancement in the magnitude of A implies that the SF term in eq.(1) should be dominant at high pressure above 8 GPa. It is observed that the data above 11 GPa deviate from the curve extrapolated from the data below 10 GPa as shown by a dotted curve in Figure 2 . This fact implies a crossover in the electronic state, which we will mention about the details in the following section. But it tends to saturate above 11 GPa, which suggests a peak at high pressure above 15 GPa. Such peak has been observed in the case of pressure-induced quantum phase transition like Pd-Ni system (Oomi, Iwai, Ohashi, & Nakano, 2012) and rare earth compounds (Nakano, Ohashi, Oomi, Matsubayashi, & Uwatoko, 2009) . In order to examine the pressure dependence of a in more detail, we plotted 1/ as a function of pressure in the inset of Figure 2 since the magnitude of 1/ is proportional to the characteristic temperature of SF (Oomi, Kagayama, & Onuki, 1998) . It is found that the value of 1/ becomes 0 around 12 GPa (=P C ), which is nearly the same pressure as that showing the deviation. This result indicates that the characteristic SF temperature becomes 0 around P C . Later we will show that the MR also changes the sign around P C .
On the other hand, the values of B/B 4.5GPa are suppressed at high pressure, which is shown in Figure  3 . The value of B is found to be extrapolated to 0 around 11 GPa. We reported previously that the spontaneous magnetostriction at 4.2K decreases with increasing pressure and disappears around 6 GPa (Oomi & Mori, 1981a) . This fact implies the magnetovolume effect to disappear around 6 GPa, which means that some kind of change in the coupling between FM and crystal lattice occurs at high pressure. But the detailed origins for this large suppression of B is not clear at present.
3.2 Effect of magnetic field on the temperature dependent electrical resistance Figure 4 shows an example of T 2 plot of the R(T) at 12 GPa, where the resistance is dominated by SF, i.e., T 2 dependence in eq. (1) is the main term. This fact is confirmed by the T 2 dependence in R(T) in relatively wide temperature range as shown in Figure 4 . By applying magnetic field, 2 T, the slope of the plot is found to decrease. In order to examine the effect of magnetic field quantitatively, we calculated the coefficient of T 2 term A by using the data in Figure 4 . Figure 5 shows the values of A as a function of pressure. The points observed at 2 T are smaller than those at 0 T both at 9.5 and 12 GPa. It has been well established that the SF is suppressed by applying magnetic field (Takahashi & Masuda, 1977) . The present result is explained in the same way. Pressure-induced novel electronic... Gendo Oomi et al.
Magnetoresistance of Fe 70
Ni 30 alloy at high pressure Figure 6 shows the MR at 4.2 K below 9 T and at high pressure, where the magnitude of MR is defined as MR = (R(H)-R(0)) / R(0). The R at 4.5 GPa decreases with increasing magnetic field H, i.e., Fe 70 Ni 30 at 4.5GPa shows negative MR, which is similar behavior as the usual localized magnetic moment systems. The decreasing rate depends on the magnetic field, which becomes small at large H. The field dependence of R changes as pressure increases. At 11 GPa, the MR shows a broad minimum around 4.5 T(=H min ). The magnitude of H min is found to decrease with applying pressure. Finally it is nearly 0 around 15 GPa, where the MR is positive in the full range of H. The positive MR is usually observed in the normal metals.
In order to examine this result more clearly, the MR at 8.9 T was plotted as a function of pressure in Figure 7 . The magnitude of MR at 8.9 T is negative at 4.5 GPa but the magnitude decreases with increasing pressure and around 11 GPa, it changes the sign from negative to positive. Above 12 GPa, it shows a positive MR. This finding indicates that the electronic state of Fe 70 Ni 30 shows a crossover from localized magnetic moment regime to normal or novel paramagnetic-like regime.
Possible origins of pressure-induced crossover in Fe 70 Ni 30
Here we consider the origins of this pressure-induced crossover in the electronic state. Figure 8 shows the P-T phase diagram of Fe 70 Ni 30 alloy obtained by us using the present high pressure data including the data reported previously (Saito, Oomi, Uwatoko, & Hedo, 2005; Matsushita, Endo, Miura, & Ono, 2003) . The temperature showing the transition from FM state to reentrant spin glass(RSG)(or AFM) and from paramagnetic state to spin glass(SG) are described approximately as a straight line. Since the line is extrapolated to T= 0 K around 11 GPa, the SG state disappears around 11 GPa, which is in good agreement with P C ( 12 GPa) observed in Figure 2 . In other word, the pressure of deviation or the pressure of 1/ =0 in Figure 2 roughly corresponds to the boundary of spin glass-normal (or new) metallic phase. This crossover pressure is also the same as that showing the transition of the sign of MR, 11.6 GPa. A theoretical model for Fe-Ni Invar alloys has been presented by Abrikosov et al. on the basis of CPA calculation (Abrikosov, Eriksson, Soderlind, & Skrive, 1995) . They found that the Invar properties were originated from the competition between a low-spin (LS) and a high-spin (HS) states. It is suggested that Fe-Ni Invar alloy shows a successive transition as pressure increases such as ferromagnetic(FM) ordered HS state disordered complicated magnetic state LS state with antiparallel spin direction. In this viewpoint, the positive Figure 8 , is induced and disordered AFM state may be stabilized above 8 GPa, but it may disappear around 12 GPa, and finally a new LS or novel paramagnetic state may be induced. This consideration is consistent with the above mentioned theoretical model.
Furthermore the following fact should be noted. We reported previously that the lattice constants of Fe 70 Ni 30 Invar alloy change the pressure dependence around a pressure where the FM disappears with a large discontinuity in the bulk modulus of about ΔB = 0.64 Mbar (Oomi & Mori, 1981a) . Here the ΔB is defined as a difference in the bulk modulus of FM state (B f = 1.51 Mbar at 0 K) and paramagnetic state (B p = 2.15 Mbar at 0 K), ΔB = B p -B f . This magnitude of ΔB is found to be in good agreement with the predicted value of ΔB of 0.6 Mbar corresponding to the transition of HS to LS state obtained from the theoretical calculation. Since the B f is the bulk modulus in FM or HS state, the B p is regarded as that in paramagnetic or LS state. This fact also support that the pressure-induced collapse of FM state is related to the transition from HS to LS state.
Finally we comment briefly on the pressure-induced QPT in Fe 70 Ni 30 alloy. The QPT has been evidenced by a large enhancement and a peak in the pressure dependence of A (Uwatoko, Ohashi, Umehara, Nakano, Oomi, Iwai, Ohashi, & Nakano, 2012; Nakano, Ohashi, Oomi, Matsubayashi, & Uwatoko, 2009) . As shown in Figure 2 , the large enhancement was observed and a peak is expected around 17-19 GPa. But it is seen that the enhancement or crossover takes place in relatively wide range of pressure compared with the case of rare earth compounds. As was mentioned in the foregoing paragraph, the pressure-induced collapsed phase of Fe 70 Ni 30 alloy is a magnetically disordered and inhomogeneous structure, which may affect the crossover resulting in the sluggish transition in wide range of pressure. 1) The ferromagnetism disappears above 8 GPa at low temperature.
2) The reentrant spin glass and spin glass states are stabilized at high pressure and low temperature. 3) A crossover from spin glass state to a novel paramagnetic state is observed around 12 GPa at low temperature. 4) The novel magnetic and electronic states is suggested to be a low spin state or nearly paramagnetic state.
